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ABSTRACT 
A computer program was prepared for the convergence of 
multiple chemical reactions at equilibrium, as encountered in 
the ~alculation of thermodynamic properties according to the 
chemical theory of solutions. The program was developed by 
combining Copeman and Stei~'s model(1982) and Melssner's 
R ea c tor Ser i e s Me th_ o d ( 1 9 6 9 ) • Co p em a n ' s .mod e 1 a 11 ow s ~ h e 
user to start th·e iteration at ~n intermediate point nearer 
to equilibrium, an.d the Reactor-Series-Method algorithc 
offers guaranteed convergence. This program combines th~ 
ad van tag es of simple farm ula tfori fr om Copeman' s mode 1 and 
guaranteed convergence from Meissner' s method. The user has 
the option to supply subroutines to describ~ the 
noni.deali ties of the true species according to any model in 
either the liquid or vapor phase. 
Several calculations w~re performed on the aqueo~s 
carbon dioxide-hydrogen sulfide-monoethanolamine system 
(Copeman 1982) and the examples in Meis·sner's paper (1969), 
All of these problems were solved efficiently. 
This program is written in standard FOR TR ANS language 
and is aptlicable to any sy~tem where FORTRAN5 is acceptable. 
1 
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1. INTRODUCTION 
The primary motivation for· this work is the chemical 
theory of sol~tions which· provides a useful technique for the 
treatment of highly nonideal systems. The chemical theory of 
solutions states that observed nonidealities, whether caused 
by physical or -chemical interactions, can be desribed by 
postulated chemica1 reactions at ~quilibrium. Therefore, 
solving simu~taneous ~ultiple cnemical reactions pl~ys an 
important role in the application of the chemical theory. 
Chemical equilibrium calculations can be very tedious. 
Sometimes thou-ands .of itera~ions have to be perfo~med before 
a solution can be obtain_ed. In 1969, Meissner developed a 
method that simplifie~ s~lving simultaneous· equilibrium 
equations by solving one equilibriufu equation at a time (the 
Reactor Series Method). Meissner's method off~rs guaranteed 
convergence, but in case of slow convergence, it might take 
thousands of runs before the system converges. The 
conventional Reactor Seri.es Method always starts its 
iteration with the feed composition even though it ~-0uld be 
faster in most cases to start at. some intermediate 
composition (somewhere nearer to the equilibrium point). 
In 1982,. Copeman and Stein developed a model that off er s 
a simple formulation for a~y multiple chemical reaction 
system related to the chemical theory of solutions for 
thermodynamic properties. Furthermore, the Copeman-Stein 
2 
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model allows any single overall material balance to be aone 
efficiently, but the -complete result involves the solution of 
multiple equilibrium equations for whi~h convergence is 
heavily dependent upon the starting point (or initial guess) 
in so~~ cases and is not guaranteed. 
The combination of the Heissner's method with the 
Copeman-Stein model offers the guaranteed convergence of the 
Reactor Series Method and the opportunity· to start the 
Reactor Seri~s Method at a point nearer to equilibrium, if a 
good initial guess can be used in trie Copeman-Stein model to 
generate the cores ponding, consistent material balance. 
Accordingly, such a generalized and flexible program to 
calculate chemical oompositions according to- the chemical 
theory of solution for use in calculation of thermodynamic 
properties had ~een developed and reported herein. 
3 
2. COPEMAN'S MODEL 
In Cope~an's model, the chemical-theory termin~lo~y 
"apparent components" and "true speqies", are used. The 
definition of "apparent" and "true" can best be under~tood by 
imagining the following carbon dioxide water 
- monoethanolamine system~ 
Consider a container(or reactor) with water and 
monoethanolamine ( ~O (CH2) ( CH2") ( NH2)) and to which, at time 
equal zero, ZO moles of CO2 are added. In the container CO2 
reacts in the liquid phase with water and monoethanolamine 
according to the following equation. 
CO2+ 2 RNH2 
CO2+ H20 + RNH2 
= RCOO(-) + RNH3(+) 
= HC03(-) + RNH3(+) 
where R = HO(CH2)(CH2) 
At time equal infinity, part of the CO2 th~t was added to the 
container has been reacted so that Z moles of CO2 are left; 
the container now has six different· species(C02, H2d, RNH2, 
RCOO-, HC03-, RNH3+). The "apparent" components are CO2, H20 
and ijNH2·, which were put. in the container o.riginally. The 
"true" species are the six di"fferent species that are truly 
present in the container when equilibrium has been reached. 
If ZO corresponds to a mole fracti"o·n of O .1, and Z 
corresponds to a mole fractiqn of O. 00004, it is said that 
the "apparent mole fraction" ot' C02=0 .1 and the "true cole 
fraction" of C02:0.00004. 
4 
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For a chemical-reaction system, there are -two par ts to 
the connection between the apparent compone~ts(the input) and 
· the true species (the output) - the m.i terial balance and the 
chemical eqµilibria, 
A. THE MATERIAL .BALANCE 
The material balance between the apperent components and the 
true species can be given in matrix notation by :Z. = A ZQ, 
where .Z. is: a column matrix havi-ng ?f elements representing the 
moles Z(Il of all true species present at equilibrium., .A is 
the connecting _matrix (or the "projector"), and Z...O. is a 
column matrix having NO· elements representing the mol~s ZO(I) 
of the apparent components. l.Q. must r.epresent all inert and 
apparent components. It is also required that the first NO 
species of the matrix 1·be arranged 1n exactly the same order 
as they appear in the matr1x l.Q.. 
For any N-.true-species and M-reaction system, the 
expression for the connecting matrix is . A = 1 + J_ ~· where . 
N Number of true spe~ies. 
M Number of chemical reactions. 
NO: Number of appa.rent components. 
I: N by M matrix of the stoichiometric coefficients. V(I,K) 
is the stoichiometric coefficient of component I involved in 
react-ion K. (negative value for reactants; positive for 
products; tero for any component I not involved in reaction 
K) • 
.E: M by NO matrix of the reaction set. E ( K ,-I) is the 
5 
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element of the reaction set.corresponding to reaction Kand 
reference component I. E ( K, I) take the value zero for all 
nonreference components in reaction K. The nonzero E(K,I) are 
the unknowns in the material balance. 
~: N by NO "identity" matri~. 
J (I_, IO) = 1 
- 0 
for I= IO 
for I# IO 
In general, the nonzero eiements E(I,IO) of the reaction 
set are a set of values that p~rmit the material balance to 
be solved (in conjunction with the che~ical equilibrium 
equations). In some cases, E(I,J) have a physical meaning of 
fractional conversion; for example, for a reaction set like 
A + B = C 
A + D : .E + F 
The apparent components ar~ A , .B and D , he n c e NO = 3 , N = 7 , 
M:2. If A is chosen to be the reference component for both 
reactions 1 and 2, then 
t = [E(l,1) 0 0 l E(2,1) 0 0 
here E(1,1), E(2,1) have the meaning of fractional conversion 
of the reference component "A" in reactions 1 and 2. 
Howe:ver, these meanings cannot be generalized, and the term 
"reaction extent" will be used throughout this paper. 
B. THE CHEMICAL EQUILIBR1UM EQUATION : 
The chemical equilibrium equations in matrix notation are 
ln.K = 1( transpose) ln~· 
6 
where "lnK" is a column matrix having M elements representing 
the· chemical equilibrium constants, !(transpose) is the 
transpose. of the coefficient matrix:, and "ln~" is a column 
matrix having N e1·ements representing the activities of all 
the true sp~ci~s. The activities are functions of the mole~ 
Z(I) of true species present. 
The solution involves (1) setting up the matrices 
straightforwa~dly, with ZOlI), V(I,J), and K(I) known and 
with AC(I)=f(l) given (it is these variables that defines the 
chemical r~actidn system) J2) making ln initial estimate for 
E, and (3) proceeding with an i·terative solution for~ with 
the objective of obtaining l (the equilfbrium composition). 
For more details please -see: Copeman and Stein (1982). 
7 
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3. REACTOR SERIES METHOD 
Solving an equilibrium equation for a single reaction 
can be accomplished by a relatively simple calculati-0n .• But 
simplicity is lost when the problem ·bec-0mes a multiple 
reaction system, which requires the solution of a set of 
nonlinear algebraic equations.. Usually convergence is not 
guaranteed for the equations involved in a ·multipl- reaction 
system. Fur th er more, the pro bl em be comes more com pl i c.a ted 
with increasing number of independent reactions. 
Meissner's "reactor series method" (1969) retains the 
simpilicity of solving one chemical equilibrium equation at a 
time, and yet, at the end gives the equilibrium composition 
of the multiple reaction system. Using Meissme~'s method for 
a system in which the independent re.actions 1, 2, 3, ••.. R are 
all significant, the following imaginary steady-state process 
can be operated. 
Cause the feed to enter the first of a row or isothermal 
reactors in series. Each reactor is designed such that only 
one r.eaction is allowed to proceed to equilibrium and all 
other r.eactions are prohibited from occurring. The reactors 
are numbered in sequence: reaation 1 occurs in reactor1; 2 in 
2; 3 in 3; etc., and R in R. Next this reaction cycle is 
repeated, with the flow from reactor R entering R+1. Again 
only reaction 1 occurs in reactor R+1; 2 in R+2; and R in 
R+R. The same cycle of reactions is repeated in the next R 
8 
= • rrswr 
reactors. 
independent 
It is repeated again and again, until all of the 
equilibrium equations are simultaneo~sly 
satisfied within a specified accuracy. In each reactci~, •11 
species, except those involved in the single reaction 
occurring, act as inerts. 
One virtue of th~ reactor ser.ies method is that 
regardless of the number of reactors in the series, the 
calculations remain simple because only one reaction occurs 
pe~ reactor stage. The reactor series method also orfers an 
/ 
1a'lgori thm with guaranteed convergence. Th.is guarantee 
follows from tt:ie second 1 aw of thermody.namics, whi ~h states 
that for a closed or steady-state system undergoing an 
irreversible cha~ge, the change in free ene~gy (dF) is always 
negative until eq uili bri um is reached. As has bee.n pointed 
out (Gibbs, 1-948), "dF" at equilibrium is zero or positive 
for all possible changes. In passing through each successi.ve 
reactor, therefore, the system will always approach 
equilibrium more closely, but never move away from it. An 
example is shown in Chapter 4. 
9 
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4. THE ALGORITHM AND AN EXAMPLE 
4.1 The Algorithm 
Copeman's model gives a simple formulation for a 
multiple reacti6n system, and Meissner's method offers a 
simple calculation and a guaranteed convergence. A very 
effectiv~ algorith~ wa$ develQped by combining the above 
model and method. The idea of the. combined algorithm can 
best be demons.tra ted by the block diagram on the following 
page. 
With Copeman's model, the formulat~on (material balance 
and chemical equilibria) of the chemical reaction system ·can 
easily be set u.P and put into a generalized computer program. 
For example, for a two-reaction system, there are two 
equilibrium equations in the chemical equilibrium part .of the 
Copeman's model(ln.K. = !(transpose) lnA..Q. or I = 1 ~K 
( I ( tr ans po s e ) l n.A.Q) ) , where th e F ' s are th e re s i d u a i s : 
namely F1(for reaction 1) and F2.(for reaction 2). Us_ing 
Meissner's method, F1 and F2 are optained one at a time. 
F i r s t F 1 i s o b ta i n e d ·, the n ·p 2 , and the c y c 1 e i s re p ea t e d 
until F1 and F2 ~re satisfi~d simultaneously. 
Before the iteration ~egins, Co~eman's material-balance 
model can be use~ to do the overall material balance ( if no 
initial guess is ~ntered the program will default to zero for 
all reaction extents). The resulting moles (Z( I)) are then 
sent into the first reactor. 
10 
"SOLVER" is the subroutine to be used to iterate for the 
unknown reaction extents. 
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11/ 
SOLUTION 
Figure - 1 
12 
'l, 
1 . .....,,.,,...,-••.-i•«i,~r~,ux.i,.,.~~ 
4.2 EXAMPLE 
·For the two-reaction system: 
p = a.a ATM T = 1500 K 
H2S : H2 + 0.5 S2 
2 H2S + S02 = 2 H20 + 1.5 S2 
K(1):0.334 
K(2):30.20 
This is exampl$ 2 of Meissneri 1969~ rhe input .is: 
Z(H2S}:0.35moles, Z(S02)=0.15moles, Z(N2)=0.5moles 
where N2 is the inert. 
SET UP THE COPEMAN'S MODEL: 
Number of apparent species 
Number of tr~e species 
Number ~f reactions 
NO= 3 
N = 6 
M = 2 
The apparent and true species: 
ll = [:~s l 
S02 
= [~:~~ l 
0. 1 5. 
z = N2 
H2S 
S02 
H2 
S2 
H20 
The Coefficie~t Matrix I: a 6 by 2 matrix 
I = 0 0 
-1 -2 
0 -1 
1 0 
0.5 l. 5 
0 2 
The Identity Matrix .J.: a 6 by 3 matrix 
1 = 1 0 0 
0 1 0 
0 0 l 
0 0 0 
0 0 0 
0 0 0 
The Reaction Extent Ma tr-ix E: a 2 by 3 matrix 
13 
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Choose "H2S" and "S02" as the references 
l = [~ E(1,2) 0 
where E( 1,2) represents the reaction extent for reaction 1 
with the reference component to be the second component in 
the ZO-matrix (H2S in this case) and ·E(2,3) f.or reac.tion 2 
with the reference component to be the third component (S02). 
E is the unknown matrix which can be set up b'y specifyi.ng the 
position index of the nonzero elements in th·e E-matri,x. In 
this case JE(1}=2, JE(2}=3. 
The Equilibrium Equations, assuming ideal gases: 
K 1 : Y ( 4) ( Y ( 5) 11 0. 5) (PI IO. 5 ) / Y ( 2.) 
K2 = (Y(6)* 1 2)(Y(5) 1 *1.5)(P 11 0.5)/Y(3)(Y(2)' 1 2} 
Now ZQ can be fed 1 nto the first reactor where only 
reaction 1 takes place (by setting E(2,3)=0) 1 th~n the output 
from reactor 1 is fed into reactor 2 where only reaction 2 is 
allowed to take place (E(1,2)=0). 
complete. 
Th.us one cycle is 
To get a clearer picture of the combined Copeman's model 
and Meissner's method algorithm, ·E can be viewed as 
(E(ouiput)-E(input)) for any particular reactor. For example 
in reactor 1, E(2,3)=0 (reaction 1 takes place only) and in 
reactor 2 .E ( 1 , 2) =0 (reaction 2 takes pl ace only) • The 
quantities E(1,2) in reactor 1 and E(2,3·) in reactor 2 are 
the "inc.rement" (can be positive or negative} of reaction 
extent for their coresponding reactions. To avoid confu·sing 
14 
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the reaction extent found in each single reactor with the 
overall reaction extent ( based on the initial feed). "E" 
will be defined as the reaction extent found in each single 
reactor{the "incremen~"), and "ET" will be defined as the 
total reactiori extent (or the overall reaction extent). "E~ 
is the "extent of reaction" use~ by Meissner (19~9)·; ~ET" is 
the "reaction set" as. used by Copeman ( 1 9 8 2 ) • ET' s are 
obtained by adding the incremental E's and dividing by the 
initial moles of the reference component. 
ROOT SEARCHING : 
Before an equilibrium equation ±s sol~ed(~ith "E" to oe 
the unknown), .the interval of root searching must. be set·. 
There are two boundaries which represent two physical 
extremes: 
(1)The reaction goes all the way to the right 
(E ) 0), the "EMAX". 
(2)The reaction goes all the way to the left 
(E' 0), the "EMIN". 
Once EMAX a.nd EMIN have been determined for a particular 
reactor, there is one and only one root in the interval 
between EMAX and EMIN because on~y one equilibrium exists. 
Taking advantage of this property, "Interval Halving 
Method" w"uld be a possible algorithm for root searching. 
However, ZEROIN (Brent, 1973), which is a much mo·re powerful 
root searching algorith~ that combines interval halving and 
interpolations, was chosen for the root searching algorithm 
here. The procedures for solving the example two~reaction 
15 
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system can best be demonstrated by the following block 
diagram: 
where 
SOLVER : is the subroutine where root searching on "E" ( the 
reaction extjnt) is con~ucted. 
dE : is the diff~rence of "E" between two iteraticins. 
TOL : tolerable error on root searching decided by the user. 
KK1, KK2 calculated equilibrium constants by· using the 
calculat~d Z(I), X(I). 
EPS : desired rel"ative error on equilibriui:n co-nstant decided 
by the user. 
/ 
zo 
FIND 
EMAX,E;MIN 
SOLVER 
NO 
YES 
FIND 
EMAX,EMIN 
SOLVER 
NO 
YES 
CALCULATE 
KK1 , KK2 
r-~~.!:..E1.:.......~~--'-....:J MATERIAL 
BALANCE 
Z(I) 
X(I) 
~~~---'-~~~ EQUILIBRIUM 
EQUATION # 1 
E2 MATERIAL 
BALANCE 
Z(I) 
X(I) 
EQUILIBRIUM 
EQUATION #2 
Figure - 2 
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SOLUTION 
,. 
The above algorithm can be generalized 1nto a simpler block 
diagram: 
where 
NR : is the parameter t~at controls which reaction is allowed 
to take place. 
NRUN : is the parameter that counts how many cycles have been 
completed. 
M : is the total number of independent reactions. 
18 
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NR=1 
NRUN=NRUN+1· 
NO 
NO 
NR =1 
NRUN=1 
FIND 
EMAX,EMIN 
SOLVER 
NO 
YES 
E(NR) MATERIAL i-----~· BALANCE 
Z(I) 
X(I) 
EQUILIBRIUM 
EQUATION "NR" 
CALCULATE 
KK(NR) ,NR=1 ,M 
YES 
SOLUTION 
Figure - 3 
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In the first reaction in the first RUN: 
initial 
equ1librium 
total moles 
H2S : 
0,35 
0,35-E 
H2 + 
o.o 
0,5 S2 
o.o 
0,5E 
1.nert 
N2: 0,5 
E S0.2= 0, 15 
(1 + O,SE) 
The equilibrium equation is: 
o.334:(E)((0.5E)11Q,5)(P••o.5)/(0,35-E)((1+0,5E)IIQ,5) 
It may be helpful to verify that E:0.1947 is the root of the 
above equation. The output of reactor 1 will be ( after a 
simple material balance): Z(.N2}:0,5, Z(H2S):0,1553, 
Z(S02):0,15, Z(82)=0,1947, Z(S2):0,0974, Z(H20):0,0, this 
compcsition i~ then fed into the second reactor. 
In the second reactor (where reaction 2 t.akes place) in 
the first RUN: 
initial 
equilibrium 
total moles 
2 H2S + 
.0.1553 
0 .1553-2E 
(1.0974 
S02 : 
0.15 
0.1.5-E 
+ O.SE) 
The equilibrium equation is : 
2 H20 
a.a 
2E 
+ 1,5 S2 inert 
0.0974 N2 = 0 •. 5 
0 , 0 9 7 4 + 1 , 5 E H·2 = 0 , 1 9 4 7 
((0,0974+1,5E)* 11,5) (2E**2) (pttQ,5) 
30 .• 2 = ((1,0974+0,5E)IIQ,5)((0,1553-2E) 11 2)(0.15-E) 
The root of the above equation is E=0,0663, After d·oing a 
simple material balance, the composition of the output of 
reactor 2 (first RUN) is: Z(N2):0,5, Z{H2S):0,0226, 
Z(S02):0.0837~ Z(H2):0,1~47, Z{S2):0,1969, Z{H20):0.1327, and 
one cycle is completed, Thi.s composition {the output of 
reac.tor 2) is then fed to reactor 3 ( where only reaction 1 
takes place) and the second RUN begins. 
20 
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The results of the iteration on the above two-reaction 
system are as follows: 
NRUN RXN E N2 H2S so2. H2 S2 H20 
0 0 .0000 .5000 .3500 • 1. 500 .0000 .0000 .0000 
1 1 • 1 9·4 7 .5000 • 155 3 .1500 .1947 .097 4 .0000 
2 .0663 .5000 .0226 .0837 .1947 .1969 • 1327 
2 1 -.0864 .5000 .1 o 90 • 0837 • 1083 .1537 .1327 
2 .0324 .5000 .0442 .0512 • 10 83 .2023 .1975 
3 1 -.0358 .5000 • o 800 .0512 . 07 25 . 1 84 4 .1975 
2 • o 11 8 .5000 .05(55 • 0395 .0725 . 2 0.2 0 • 2 211 
4 1 -.0122 .5000 . o 6 86 .·o 39.5 .0603 .1960 .2211 
2· • 0037 .5000 .0612 .0358 .0603 .2015 .'2285 
5 1 -.0037 .5000 • 06 50 .0358 .0566 .1996 • 22 85 
2 • 0011 .5000 .0628 .0347 .0566 .2913 .2307 
6 1 -.0011 .-so o o . 0639 • o 347 .0555 .2007 .23·07 
2 .0003· .5000 .0632 .0343 .0555 .2012 .2313 
7 1 -.0003 • 5000 .0635 • o 343 .0551 • 2011 . 2 31 3 
2 ·.0001 .5000 ~0634 .0342 .0551 .2012 .2315 
8 1 -.0001 .5000 .0635 . o 3 42 .0550 . 2 o 11 .2315 
2 .0000 .5000 .0634 .0342 .0550 . 2 0·1 2 .2316 
where the E's(the "increment" of the reaction extent in ea9h 
single reactor) are non-referenced reaction extents (without 
r e fer enc e com.Pone n ts ) • The r ea s on for us i n g non- r e f er e n c e d 
reaction extents at intermediate steps is to save aalculation 
time. The only difference betwjen a non-referenced reaction 
extent and a referenced one is divisioh of the nonreferenced 
extent by the initial moles of the reference component. 
Therefore, if the "incremental" reaction extents for reaction 
1 < o: • t 9 4 7 , - o • B 6 4 ., - o • o 3 5 8 , • • • • • ) are added together and 
divided by 0.35(the initial input mole of H2S)~ the total (cir 
overall) extent of reaction 1 with reference to H2S ( O .15·7) 
is obtained. ,This overall. reaction extent. can then be used 
for other thermodynamic cal cul a ti ons (e.g. heat of mixing) 
as shown in Copeman and Stein (1982). 
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It should be noticed that the E's for both reactions (in 
absolute value} decrease with run number until at the eighth 
r u n E i s - () • O a a 1 for re a c ti on t , and O •. Q a o o for re a c ti on 2 , 
which means that at the eighth cycle the system is so close 
to eq uil i br i um that the reactions a-re no longer changing to 
any signigicant ext~nt. The moles printed on the bott~m line 
show the equilibrium composition. 
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5, THE APPLICATION OF THE SOFTWARE 
5 .1 HOW TO USE IT 
Five keys are given to the user . . 
KEY1 = a for liquid phase calculation 
1 for· gas phase calculation 
KEY2 
-
a for ideal calculation 
1 ror non-ideal calcu.la.tion 
KEY3 = a for no initial guess entered 
1 for entering an initial guess 
KEY4 = a for K entered as numbers 
1 for K entered as subroutine 
KEY5 = a for given style of print out 
1 for user supplied print out 
After the values of the KEY'S have been decided, the 
subroutines(EQK,GAMMA,PHI,PRINT) must be prepared, if needed· .. 
A. The subroutines must be written as 
SUBROUTINE EQK(K,M,T,PrIN) 
REAL K (IN) 
"EQK" is used where the equilibrium constants are to be 
entere.d as functions of temperature (KEY4:.1). "K" is the 
equilibrium constant(output); "M" is the number of reactions 
(input); T and p are the temperature and pressure, 
respectively (input). All other constants or variables 
involved in the calculation of ·KI s; not included in the 
argument ( K, M, T, p, IN) , should be entered in this 
subroutine. The "REAL" statement is for the purpose of using 
the same dimension as declared in the main program. "IN" is 
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the number used in the main program to set the dimensions in 
the subroutines (input). 
SUBROUTINE GAMMA(X,T,P,N,GA,IN) 
REAL X(IN),GA(IN) . 
"GAMMA" is used where liqui~ phase acitivity coefficients are 
required (KEY1 =0 and KEY2=1). "X" is the ltqu.id-phase mole 
fraction (~nput); •GA" is the activity coefficient (output); 
"N" is the total number· of species (input}. 
SUBROUTINE PHI(X,T,P,N,FI,IN) 
REAL X(IN),FI(IN) . 
"PHI" is used where gas~phase fUgacity coefficients ar~ 
required (KEY 1 = 1 and KEY·2 = 1) • "X" -is the vapor-phase mole 
fraction (input). ~FI" is the fugacity coefficient (output). 
SUBROUTINE PRINT(N,M,AC,ET,JE,K,KK,X,Z,ZI,ZN, 
+ GA,FI,NRUN,.IN,TITL,NL) 
COMMON /JY/KEY1 ,K.EY2,KEY3,KEY4 ,KEY5 
CHARACTER*70 TITL(IN) . 
DIMENSION ZN(IN) 
REAL AC{IN) ,ET(IN) ,K(IN) ,KK(IN) 
R E AL X ( I N ) , Z ( I N ) , Z I ( I N ) , G A ( I. N ) ,· F I ( I N ) 
"PRINT" is written wh~n the user wants to iuppiy the 
output style (KEY5=1) •. 
where 
AC 
ET 
JE 
z 
ZI 
ZN 
TITL 
NL. 
ls the activity. 
is the total reaction extent. 
is the position index for the reference ~omponent. 
moles of the components. 
initial input moles of the components. 
the names of the components. 
desired titie for the calculation. 
number of iines for the title. 
All are inpu·t. 
B. DATA CARD ARRANGEMENT 
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Each line of the data card is free format except "TITL" 
(format A70) and "ZN" (format A10) and is to be arranged as 
follows: 
NL 1 KEY1,KEY2,KEY3,KEY4,KEY5 
'-T-IT_L_E ____ _;_ _____ ___JJ. NL lines 
N,NO,M,MXRUN 
ZN( 1) 
ZN(2) 
•· . 
ZH(NJ 
ZI(I), !=1,UO 
V(I, J), !=1,M 
J 'E (. I ) , I= 1 , M 
E;PS,TOL 
T,P 
J: 1 , N 
r------~ --------------- -, 
N lines 
M lines 
: K(I), I=1,M optional 
1.- - - ' - - - - - - -.- - - - - - - - - - - - - - - • 
,.----------------------- - ., 
: ET(I), I=1,M optional 
I_-·--------. -------------..J 
where 
First line: enter NL(number of li·nes of the "TITLE"), KEY1 
through KEYS. All are integers, fr.ee format. If "TITLE" is 
not required NL=O should be entered. 
Li n e 2 to N L + 1 e n t er the " TITLE " , the o ut p u t w i 11 b e 
exactly as it is on the data card. 
Line NL+2 : enter N(number of species), N-O(number of apparent 
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components), M{number of reactions), MXRUN{maximum number of 
runs), Without any other information MXRUN:50 to 100 will be 
a good number for many cases. All are integers, fr~e format, 
Line ML+3 to NL+N+2· { N 11 nes) enter the names of ·the 
components, One line for every component, entered exactly in 
the orde~ of the Z-ma trix for all co!Ilponen ts. Character 
input, format "A10"; maximum 10 characters for each name. 
Line NL+N+3 : enter the initial input moles of the apparent 
compon~nt {~I). ~11 are real, fr~e format. 
Line ·NL+N+4 to NL+N+M+3 {·M lines) enter the coefficient 
matrix co.lumnwise{first line enter the first column, etc.). 
All are entered as real numbers, free format. 
Line N~+N+M+4 : enter the position index {the car.responding 
number) for the r~ference components. All are integer, free: 
format. 
Line NL+N+M+5 : enter the "error" for the co~vergence tests, 
EPS{for KK's) and TOL{for root searching). Both are real 
input, free format. EPS ·= 1.E-4 and TOL = 1 .E-14. will be 
good values for many cases. "'-r 
Line NL~N+M+6 enter the temperature and the pressure of the 
system. Both are real input, free format. 
Line NL+N+M+7 : enter the equilibri.um constants. All are 
real, free format. This 1 ine is optional, e~tered only if 
KEY4:0. 
Line NL+N+M+8 enter the initial guess of the 
extent{ET). All are real, free format~ This 
optional, entered only if KEY3=1. 
reac ti·on 
line is 
The subroutines required for cal.culation and the data cards 
are then appended to the· main program (PROGRAM CHEMEQ) and 
executed. 
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5.2 EXAMPLES 
[EXAMPLE 1] 
For the following seven gas phase chemical reactions 
system, ideal gas behavior is ·assumed. 
T = 3500K p -· 51 .02atm 
0.5 N2 = N K1 = 0.011322 
0.5 N2 + 0.5 H2 = NH K2 = 0.0025877 
0.5 N2 + 0,5 02 = NO K3 = 0.20352 
0.5 02 = 0 K4 = 0 I 51 84 
H2 + 0.5 02 = H20 K5 = 4 ,:91 85 
H20 = 0,5 H2 + OH K6 = 0.26527 
H20 = H + OH K7 = 0.1566-1 
The d·a ta cards are as fol lows ( 12 lines are reserved fpr t.h·e 
TITLE) 
, o 1 2 , 1 , o , o , o ., o 
20 
30 SYSTEM T = 3500K, P~51 .02atm 
40 
50 
60 
70· 
80 
90 
100 
11 o 
120 
0.5 N2 = N 
0,5 N2 + 0,5 
0,5 N2 + 0,5 
0.5 02 = 0 
H2 + 0,5 02 
H20 = 0,5 
Ii20 = H + 
130 INITIAL INPUT 
140 10,3,7,20 
150 H2 
160 N2 
110. 02 
1 80 H 
1 90 H20 
200 N 
210 NH 
220 no 
230· 0 
240 OH 
H2 = NH 
02 = NO 
= 
H20 
H2 + OH 
OH 
= [ 1 IO I 0 I 5 I 0,5] 
250 1.,0.5,0,5 
2 6 0 0. ·, -0 • 5 , 0 • , 0 • , 0 • , 1 • , o·. , 0 , , 0 • , 0 , 
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2 7 0 -0 , 5 ·, - 0 , 5 , () • , 0 , , 0 , , 0 • , 1 • , 0 • , 0 • , 0 • 
2 80 0, , -0, 5 , -0 , 5 , 0, , 0. , 0. , 0. , 1 • , 0. , 0 • 
, , , , - , 5 , 0 • ,. 0 • , 0 • , 0 • , 0 , , 1 , , 0 • 2.·90 o o o· 
300 -1. ,o. ,-0~_5,o. ,1. ,o .• ,o. ,o. ,o.-,o. 
310 0 • .5,0. ,o. ,o. ,-1. ,o. ,0. ,o. ,o. ,1. 
3 2 o o • , o • , o: • , 1 • , - 1 • , o • , o • , o • , o • , 1 • 
330 1,1,1,1,1,1,1 
3 40 1 , E-5, L E-14 
350 350Q.,51.02 
360 .011322,.0025877,.20352,~518~,.49185,.26527,,15661 
where 
Line 10 : NL ( number of lines reser:ved for TITLE printing) 
and KEY1 thro~gh kEY5. Please notice no user supplied 
subroutines are neede<l. 
Line 20-130 (12 lines) : enter the TITLE. 
Line, 140 N(number of components), NO(number of apparent 
components), M(number of chem_ical reactions), MXRUN(maximum 
number of runs). 
Line 150-240 (10 lines) : the names of the components(must be 
in the same o~der as they appear in the coefficient matri~, 
and the first NO components must be ~he apparent components). 
Line 250 : the initial number of moles of input. 
Line 260-320 (7 lines) : the coefficient matrix(first line 
for the first reaction, second line for the second reaction 
and so rorth) • 
Line 3 3 0 the- position index of the reference 
chosen(in this case H2 is chosen to be the 
component for all reactions). 
Line 340 EPS and TOL. 
components 
ref.erence 
Line 350 
Line 360 
temperature. (in degree K) and pressure(in ATM). 
the equilibrium constants. 
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The result is shown on the next page. 
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SYSTEM T = 3500K, p = 51 • 0 2 a tm 
0.5 N2 = N 
0.5 N2 + o.5 H2 = NH 
0.5 N-2 + 0.5 02 = NO 
0.5 02 = 0 
H2 + 0.5 02 = H20 
H20 = 0 .• 5 H~ + OH 
H20 = H + OH 
INITIAL INPUT = [ 1 • 0 , 0 . 5 , 0.5] 
COMPONENT MOLES MOL-FRAC FI 
H2 • 147716 .901575E-01 1.00000 
N2 .485254 • 2 9 61-71 1.00000 
02 .373145E-01 .227746E-01 1.00000 
H .406619E-01 • 2 4: 8 1. 77 E - 0 1 1.00000 
H20 .783173 .47 8004 1 .oo_oo
o 
N .141335 E-02 .862630E-03 1 .00000 
NH .692807E-03 .422850E-03 1.000
00 
NO .273860E-01 .167149E-Of 1.00000 
0 • 1 7 9 4 5 1 E- 0-1 .109526.E-01 1.0
0000 
OH .968669E-01 .591220E-01 1.00000 
RXN ReF-COMP ET K 
KK 
1 H2 . l 4 1 3 3 5 27 E- 0 2 .11322000E-01 .1
1322000E-C1 
2 H2 .• 69280675E..:03 .25877000E-02 
.25876977E-02 
3 H2 .27386034E-01 • 2035 200·0 
.20351942 
4 H2 .17945062E-01 .51.84.0000 
.51839800 
5 H2 • 8 80039 92 4.9185000 
4. ·91 8511 6 
6 H2 .56205032E-01- .2652700·0 
.26527049 
7 H2 .40661883E-01 .15661000 
. ·15661000 
NRUN = 12 
30 
[ EX AMPLE 2 ] · 
For the carbon dioxide-hydrogen sulfide-monoethanolamine 
system in Copeman's paper (1982), an initial guess was 
entered and subroutine "GAMMA" was supplied.. C0·2, H2S, CO2 
are chosen to be the ref~r~nce components for reactions 1, 2 
and 3, respectively; The data riards are a~ follows: 
1 ·o 11 , o , 1 , 1 , o , o 
20 
30 
40 
50 
60 
70 
80 
90 
SYST~M T = 313 K, P = 1atm 
5N. MEA SOLUTION, 0.2 MOLE CO2/MOLE MEA 
APPARENT H2S MOLE FRACTION= 0.01 
CO2+ 2 MEA = RCOO(-Y + RNH3(+) 
H2S + MEA = HS(-) + RNH3(+) 
CO2+ H20 + MEA = HC03(-) + RNH3(+) 
100 
110 INITIAL INPUT= [0.8855, 0.01033, 0.0229 1 0.1145] 
120 INITIAL GUESSES= [D.9917, 0.9894, 0.00823] 
130 8,4,3,1000 
140 H20 
150 H2S 
160 CO2 
170 MEA 
1 80 HS-
190 HC03-
200 RHH3+ 
210 RC00-
220 0.8855,0.01033,0.0229,0.1145 
230 o. ,o. ,-1. ,-2. ,o. ,o. ,1. ,1. 
240 0.,-1.,0. ,-1.,~~,0.,1 .,o. 
250 -1.,0.,-1.,~1 •. ,o.,1.,1.,o. 
260 3,2,3 
270 1.E-4,1.E-14 
2 80 31 3. , 1 • 
290 1146601.,180.,590. 
300· 0~9917,0~9894,0.00823 
The solution is shown on the next page. 
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SYSTEM T = 313 K, P = 1atm 
5 U MEA SOLUTION, 0.2 MOLE CO2/MOLE MEA 
APPARENT H2S HOLE FRACTION: 0.01 
CO2+ 2 MEA = RCOO(-) + RNH3(+) 
H2S + MEA = HS(-) + RNHJ(+) 
CO2+ H~O + MEA = HC03(-) + RNH3(+) 
IN IT.I AL INPUT = [ 0. 8 8 5 5 , 0 • 0 10 3 3 , 0 • 0 2 2 9 , 0 •. ,-1 4 5 ] 
INITIAL GUESSES= [0.9917, 0.98~4, 0~00823] 
COMPONENT MOLES 
H20 .885312 
H2S .109809E-03 
CO2 .587176E-06 
MEA .586694E-01 
HS- .102202E-01 
HC03- .188409E-03 
RNH3+ .331196E-01 
RCOO- .• 22711 OE-01-
RXN REF-COMP ET 
1 CO2 .99174688 
2 H2S .98936989 
3 CO2 • 8 2 2 7 4 83 4 E- 0 2 
HRUN = 448 
MOL-FRACTION 
.876259 
.108686E-03 
.581172E-·o6 
.580695E-01 
.10·1157E-01 
• l86483E-03 
• 327 81 O·E-01 
.224788E-01 
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K 
1146601.0 
180.00000 
590.00000 
GAMMA 
1 .00000 
1.00000 
1. 00000 
.818780 
1 .60265 
i.33517, 
1 .75028 
1.16789 
KK 
1146486.6 
180 .00000 
590.00000 
·ti 
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6. SOME CONSIDERATIONS OF THE SOFTWARE 
6.1 Convergence 
F~r ~ost syst~ms, the algorith~ offers fast convergence 
(typically NRUN less than 100) and does not need an initial 
guess. The program automa ticaily starts ~ ts iteration with 
the feed (zero reaction exten~ for all reactions consi~ered). 
However, there are ,ome cases where, even though calculation 
is converging towards equilibrium, the rate of convergence is 
so slow that it takes thousands of runs before the system 
reaches 1 ts eq uil i bri um. This slow rate of con
vergence ts 
ca used mainly by, so called., "s tarva ti on of reactant" (by 
Meissner, 1969) which ~an best be demonstrated by the 
following examples: 
1. For the following parallel r~actions: 
T = 313K, liquid phase reaction~ 
CO2+ 2 RNH2 = RCOO(-) + RNH3(+) 
CO2+ H20 + RNH2 = HC03(~) + RNH3(+) 
where RNH2 is monoethanolamine. 
K1:1146601 
K2=590 
If the feed composition of CO2 is 0.04(mole fraction), and 
Z(RNH2)=0.1145mole, Z(H20):0.8855mole, it takes 1400 runs to 
reach equilibrium. But, if the input mol.e fr~ction of CO2 is 
0.05, it ta·kes only 280 runs to reach equilibrium. T-his 
difference is due to a large value of K1 and a -relatively 
small amount of CO2 for the first case ( CO2 .mole 
fraction=0.0·4). After the first reacti.on, only a very small 
amount of CO2 remains because or a large K1. Therefore, in 
the second .reaction there is a lack, or "starvation", of CO2. 
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The outset of "starvation" is difficult to quantify; the 
difference between O. 04 and o. 05 CO2 mole fraction seems 
smallJ (furthermore, 0.05 mole fraction CO2 is still the 
minor component) yet that differenc~ of 0.01 mole fraction is 
enough to avoid the "starvation" problem. 
At· T = 3 9 3 K , K 1 = l O a 3 and K 2 ~ 6 • 7 , the ab o v e me n ti one d s l ow 
convergence will not occtir even if the CO2 input is less than 
the two cases just described. For example, when the input 
mole fraction of C02:0.02 (with the same amount of "RNH2" and 
water), it takes only 92 runs to reach equilibrium. In this 
case the smaller K's ~pparently cause no "starvatiori" 
prob~ems. 
2. Consi~er the following ga~-phase sequential and parallel 
reactions (From Meissner, 1969): 
2 CH4 
C2H4 + 2· H20 
CO+ H20 
= C2H4 + 2 H2 
2 CO + 4 H2 
CO2+ H2 
K1 :1.23E-fr 
K2:1.40E05 
K3=2.65 
Reaction 1 and reaction 2 are in sequence, reactions 2 and 3 
are mixed types (sequential for CO and parallel for H20). A 
small amount of C2H4 is formed in reaction 1 due to a ~mall 
equilibri~m. constant. Therefore, in .the second reaction, the 
reactor is starved for C2H4. Hence, little CO will be fdrmed 
in the second reaction, even with a large equilibrium 
constant. Be cause of this starvation, react
ion extent per 
cycle is minute, and hence many iterations are required 
before equilibrium is reached~ 
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6,2 Rules of Arranging (or Selecting) Chemical Reactions 
As has .been po.inted· out by Meissner ( 1969), in dealing 
with a new system, the chemical species to be r-ecogniz.ed as 
present are first identified. Various pos
sible groups of 
independent· reactions are then formulated a_nd that group is 
se~ected which promises rapid c6nvergence by avoiding reagent 
starvation. Generally speaking, seque
ntial reactions are 
prefered to parallel reactions. Amo
ng all the possible 
chemical reactions, those with equilibrium constants that are 
too large and those with equilibrium constants that are too 
s ma 11 should be avoided , if at a 11 poss i b 1 e • 
details pl~ase se~ Meissner (1969)~ 
6,3 Initiat Guess 
For more 
A way to get rotind the problem of slow convergen~e is to 
start the iteration at an intermediate step instead of 
starting from the feed composition ( zero reaction extent). 
The following steps are suggested: 
(1) A small number for MXRUN should be set (eg. 20, in order 
to avoid wasting calculation time). Two or th
ree .different 
estimations of reaction extents should be made. 
Then from 
the output· of KK(I), K(I), and reaction extent, the user can 
tell (a)the direction for readjusting_ the i"nitial guesses and 
(b)the reaction KK that is most sensitive to the initially 
guessed reaction extent. If,
 for example, KK1 is 1-ess ~han 
K1 ,. the initial guess for the reactio_n extent of reaction 1 
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should be reduced. Usually the reaction w
ith the biggest 
equilibrium constant will be the most sensitive one(i.e. a 
small change in the irtitial guess will lead to a large 
variation in "KK") 
( 2)The output reaction extents for the reactions with the 
less se nsi ti ve KK' s can be used as the next initial guesses 
for these reactions. Then parti
cular attention can be 
focused on the direction and size adjustment of the initial 
guess for the reaction with the most sensitive KK. 
(3)A relatively large EPS (relative error on KK's) can he 
used in order to observe and fix t.he first two or three 
digits of the reaction extent value. Thereafter, a decrease 
in EPS will g~in a higher precision output~ 
6. 4 Root Searc.hing 
The parameter "TOL" (tolerable error) contro],.s when to 
stop root ~earching in a given reactor. Because the Reactor 
Series Method, which states .that one reaction wil_l proceed to 
equilibrium in each reactor in each stage, is being used, a 
smal 1 n TOL n is suggested. The smal 1 er the "TOL", the closer 
the reactor st~ge in question gets to .the true equilibrium. 
This concept is especially important in certain cases where 
the equilibrium constant is very se.nsiti ve to the reaction 
extent. 
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Please refer to the flow chart in Figure-3 on page 19. 
If TOL is too large, the cony er ged values of the roots in 
reaction 1(top of Figure~3), for example, will not be 
suffic~ently accurate to cause convergence in the values of 
KK1. That is, (:KK1-Kl)/K1 (bottom of Figure-3) will never be 
able to meet the EPS criterion. Hence, the program will be 
"locked ih" an infinit~ loop. 
For example, for the 
monoethanolamin~ system described in section 1 with input CO2 
mole fraction=0.02 when T=393K (K1=1003, K2=6.7), and 
TO L = L O E- 8 , the i t er a ti on co n v erg e d • K K 1 was 10 O 3 • O O 9 w hi c h 
was within 0.0000089 of K1; therefore, the EPS of o.oobo1 was 
me t • B u. t f or T = 3 5 3 K ( K 1 = 5 1 4 1 0 , K 2 = 6 1) , when TO L = 1 • 0 E - 8 w as 
used, KK1 was 51492 (within 0.0616 of K1) after 1000 runs and 
remained unchanged; thus, the EPS of 0.00001 was not met and 
i n f i n i t e 1 o op i n g o c c u r e d • W h e·n TO L = 1 • O E- 1 2 w a s use d , 
KK1=51410.514 which was within 0.000009998 of K1 and the EPS 
of 0.00001 _was then met. Therefore, a root that is as close 
to tne true one as possible should be obt;iined for each 
reactor; hence, a "TOL~ close to or smaller than the machine 
precision is suggested. 
The complete convergence to the solution invc;,lves both 
TOL and EPS; clearly, the large·r the EPS the easier 
solution. 
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